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ABSTRACT

Before dogwood seedlings can be screened for resistance to dogwood
anthracnose, a reliable inoculation technique is needed. Furthermore, the effects of

water stress on disease resistance should be known before any cultivar is developed
and marketed as disease resistant.

Leaves of forty Cornusflorida seedlings were wounded with a pin-prick device
and inoculated using one of two isolates (collected from different locations, and one

maintained on artificial media for one year longer than the other), and one of two

fungal propagules (conidia or vegetative hyphae), then enclosed in a moistened plastic
bag for one of four periods of time (0, 2, 4 or 7 days). Trees were incubated in

either a humidified, air-conditioned greenhouse chamber or an environmental growth
room. Lesions were observed and measured weekly for five weeks. No significant
differences were found between the isolates or propagules, but bag time was an

important factor in lesion development. Lesions on leaves bagged for 7 days were
almost five times larger than those on leaves enclosed for 0, 2, and 4 days. Based on
the results of this experiment, we chose the inoculation technique to use in subsequent
experiments. Inoculum chosen was conidia of the isolate from Catoctin Mountain

Park. We enclosed wounded, inoculated leaves in moistened plastic bags for seven
days.

Water availability was manipulated to determine its effect on dogwood
anthracnose severity on Cornus kousa and C.florida trees. Experiments were

ill

conducted (summer, 1995) and repeated (fall, 1995) in the greenhouse chamber and

environmental growth room. Neither severe drought [rewatering when soil reached
35% soil relative water content (RWC)], moderate drought (rewatering when soil

reached 45% soil RWC), nor flooding (watering daily with no drainage allowed)

caused symptoms more severe than in controls (watering daily with drainage) on
either species. In the first trial of this experiment, dogwood anthracnose symptoms
were more severe than in the second trial. It is possible that environmental conditions

were more disease conducive during the second trial. Lesion sizes on the two species

depended on the trial. In the first trial, C. florida trees had more severe dogwood
anthracnose symptoms than did C. kousa trees. In the second trial, severity of
dogwood anthracnose symptoms were similar on the two species. Our results suggest
that dogwood anthracnose resistance is not consistent throughout the C. kousa species.
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Chapter I
Introduction

The flowering dogwood {Cornus Jlorida L.) is an ecologically important

component of the understory in forested areas of the eastern United States. Dogwood
fruits, buds and leaves are eaten by birds, deer and other small animals in forests
(Pirone, 1980; Boring et al., 1981; Chellemi et al., 1992; Jaynes et al., 1993).
Leaves of dogwood trees are high in calcium and upon decay contribute to woodland
soil mineral content (Coile, 1940; Thomas, 1969). In clearcut areas, dogwood trees

are often among the first to reestablish the growth of woody vegetation (Boring et al.,
1981).

Flowering dogwoods are also important economically and are common in
landscaping all over the eastern United States. Many spring festivals are held to
celebrate the show of dogwood blossoms. Because of the tree's dramatic spring

blooms and autumn foliage, dogwood accounts for 16% of Tennessee's woody

ornamental crop production (Badenhop et al., 1985), and well-managed dogwood
nurseries can generate gross returns up to $60,000 per harvested acre (Badenhop et
al., 1985).

Since the late 1970's, both native and urban (Hibben and Daughtrey, 1988)

populations of Comus have been devastated by a disease known as dogwood
anthracnose (Byther and Davidson, 1979). Symptoms were noted on western

dogwood, Comus nuttallii Audubon, in the northwestern United States as early as
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1976 (Byther and Davidson, 1979). The first reports of flowering dogwood decline in
New England were in 1977 (Pirone, 1980), and the disease was called "lower branch
dieback" (Daughtrey and Hibben, 1983). Byther and Davidson (1979) first reported
the causal agent of dogwood anthracnose as Gloeosporium comi H.C. Greene non

Woronichin, horn, illeg., and Pirone (1980) suggested that the pathogen was
Colletotrichwn gloeosporoides (Penz.) Penz. & Sacc. in Penz. In 1982, SmithSalogga reported that the fungus causing dogwood anthracnose of C. nuttallii (and to

a lesser extent, of C.florida and Comus kousa Hanse) was a new, imperfect species
of the genus Discula Sacc. In 1983, Daughtrey and Hibben concluded that Discula
sp. was also the pathogen causing lower branch dieback of C.florida in the eastern

United States. Mielke and Langdon (1986) implied that the pathogenic species in

question was a member of the Discula umbrellina (Berk. &. Broome) Sutton complex.
The new species identified as the causal agent of dogwood anthracnose was named
Discula destructiva Redlin, sp. nov., (Redlin, 1991).
Some researchers think that the causal agent of dogwood anthracnose is an
exotic pathogen (Redlin, 1991; Smith, 1991; Walkinshaw and Anderson, 1991;

Trigiano et al., 1995). As is common with exotic pathogens, some of the first
recorded instances of the disease were severe, with up to 89% tree mortality (Mielke
and Langdon, 1986; Schneeberger and Jackson, 1989).

Symptoms of dogwood anthracnose include water soaked spots (often with
purple borders), cankers, lower branch death, and dead leaves clinging to trees

(Byther and Davidson, 1979; Hibben and Daughtrey, 1988; Smith, 1991). When a

tree is severely infected and most branches are dead, buds on the trunk are released
from dormancy, and epicormic shoots grow from the trunk. These shoots often
become infected, and trunk or limb cankers may develop at the shoot bases, leading

to tree death (Hibben and Daughtrey, 1988).
Discula destructiva conidia are released from acervuli in slime (cirri). Conidia

are thought to be spread by wind and water splash, but the only documented method
of dissemination is by insects. (Colby et al.,1995; Holt, 1995; Grant et al., 1995).
Survival and germination of D. destructiva conidia have been observed under different

combinations of relative humidities (RH) and temperatures (Roncadori, 1993).
Regardless of RH, 73 to 96% of conidia germinated at 14 C after 16 days. At 20 C
and 51 and 60% RH, 71 to 90% of conidia germinated after 16 days. After 4 days at
25 C germination ranged from 86 to 98% regardless of RH. Germination rate
dropped to 7 to 48% after 16 days at 25 C and 51 and 60% RH. The germination
rate ranged from 0 to 27% at 70, 80, and 90% RH after 16 days at 25 C. Forty one

to 83% of conidia germinated after 4 days at 32 C and 51 and 60% RH, but no
spores were viable at that temperature at any RH after 12 or 16 days. Conidial
survival was reduced by increasing temperatures and RH over 20 C and 51 to 60%
relative humidity.

Dogwood anthracnose is most severe under cool, humid conditions (Smith,

1991). Standing water on leaves (Hibben and Daughtrey, 1988; Holmes and Hibben,
1989; Chellemi and Britton, 1992) and little to no direct sunlight (Erbaugh et al.,
1995) also allow the fungus to attack healthy dogwood trees. Since dogwoods

naturally grow in the understory, conditions that are favorable for fungal growth are

commonly found in habitats of dogwood trees. Although landscape dogwoods are
generally planted in full sun, use of an overhead sprinkler system can provide the
fungus with proper conditions for growth (Holmes and Hibben, 1989).
It has been hypothesized that some dogwood trees can be predisposed to

anthracnose by various stress factors (Pirone, 1980; Daughtrey and Hibben, 1983;
Holmes and Hibben, 1989; Anderson et al., 1993; Smith, 1994; Erbaugh et al.,
1995). Low light intensity and drought stresses have been reported to affect disease

severity of dogwood anthracnose (Gould and Peterson, 1994; Erbaugh et al., 1995).
Erbaugh found that drought increased disease severity on trees shaded 98%, 90% and

50% of full sun, but it had no effect on disease severity of trees without shading.
Gould and Peterson had similar results, in which irrigation during drought reduced

symptoms of dogwood anthracnose in street trees, and those grown in full or partial
sun had less disease than those in shade (Gould and Peterson, 1994).

In another study, the role of acid deposition in predisposing flowering
dogwoods to D. destructiva was investigated (Anderson et al., 1993). After ten 0.25

cm applications of artificial acid rain during thirty days, C.florida trees were sprayed
with a suspension of D. destructiva conidia. Trees were incubated for about thirty
days in plastic bags. As pH of the acid deposition treatments decreased, dogwood
anthracnose incidence and severity increased.
Researchers have made numerous suggestions for the control of dogwood

anthracnose. There is evidence that pruning significantly reduces disease compared to

no treatment at all (Windham and Windham, 1995). It is important to gather fallen

leaves and pruned debris for removal from the proximity of dogwood trees (Byther
and Davidson, 1979). General tree care is recommended, such as mulching and

watering roots (not foliage) during drought (Bailey and Brown, 1989). Fertilization
of dogwoods increases vigor and has been correlated with reduced disease
development (Anderson et al., 1992). Fungicide treatments have been an effective
means of control of dogwood anthracnose. Windham and Windham (1995) reported
that Banner (propiconazole) LIE gave adequate control of dogwood anthracnose at a
rate of 0.16 ml/1 applied at 4 week intervals, without producing phytotoxicity
symptoms.

Some dogwood species appear to be resistant to dogwood anthracnose (Holmes
and Hibben, 1989; Santamour et al., 1989; Brown et al., 1996). In a 1991 resistance

trial, species in the Comus genus were rated resistant to dogwood anthracnose if less
than 10% of foliage became symptomatic after 4 weeks of exposure to natural
inoculum (Brown, et al., 1992). Comus kousa, Comus amomum Mill., Comus
altemifolia L. and Comus mas L. were reported resistant to dogwood anthracnose.

When infected with Discula, the kousa dogwood reportedly exhibits fewer and

milder symptoms than infected flowering dogwood trees (Holmes and Hibben, 1989;
Santamour et al., 1989). However, kousa dogwoods vary in their levels of resistance
to the disease (Brown et al., 1996; Windham and Trigiano, 1993; Ranney et al.,

1995). In a 1995 variety trial for dogwood anthracnose resistance, no C. kousa
varieties or crosses were rated as immune to the disease (Ranney et al., 1995).

Few C.florida individuals survived a severe epidemic of dogwood anthracnose
at Catoctin Mountain Park in Maryland (Meilke and Langdon, 1986; Schneeberger
and Jackson, 1989; Graham et al., 1995). Eight flowering dogwood trees were the

only survivors found in a stand of tens of thousands of trees on Catoctin Mountain.
Surviving trees were dispersed over a wide area, which suggests that resistance

occurred randomly. Trees were not immune to the fungal attack, but infections were
confined to small lesions on leaf blades. Twig infections were not observed (Graham
etal., 1995).
Survivor trees have been tested to determine their levels of resistance. Four of

the surviving trees were cloned and clones were taken either to a natural inoculum
site in Tennessee or to an experimental site in North Carolina (Graham et al., 1995).

The clone designated number 4 had the highest resistance rating at the naturally
infected site. All of the clone types except number 4 were killed by dogwood
anthracnose in North Carolina, where inoculum pressure was much higher than that

found in naturally infected areas (Graham et al., 1995). Clone number 4 is now
called the "Presidential tree", and is included in a breeding program for incorporation

of dogwood anthracnose resistance into commercial dogwood cultivars (Graham et al.,
1995).

The nursery industry would benefit from trees which are resistant to dogwood
anthracnose. Since the disease has devastated native C.florida trees in some areas of

the eastern U.S., resistant germplasm must be discovered and incorporated into
commercial cultivars in order to overcome the economic impact the disease has had

on the industry. Although the survivors of the Maryland epidemic will be useful in
reducing the threat of dogwood anthracnose, more resistant germplasm should be
identified to broaden the "genetic base" for dogwood anthracnose resistance.
Nurserymen should be familiar with risks involved in environmentally

stressing resistant dogwood trees, so that they can make buyers aware of the hazards.
Trees that are both disease and stress resistant may be useful in breeding programs for
commercial nurseries and in reforestation projects where dogwood anthracnose has
destroyed native dogwood stands.

Although much has been learned about dogwood anthracnose in the last ten

years, still many questions remain unanswered. The sexual stage of D. destnictiva
has not been identified. If the pathogen is an exotic agent, its origin is unknown.

Epidemiology of the disease is not understood. A reliable method of seedling
inoculation has not been published, and the role of physiological stresses in infection
or disease progression is poorly understood.

Although dogwood anthracnose is a prolific disease in forested areas,
researchers have experienced difficulty producing the disease in laboratory and

greenhouse studies. Various inoculation techniques have been tried, most with only
limited success (Hibben and Daughtrey, 1988; Anderson et al., 1993; Schrieber et al.,

1993). One inoculation technique involved wounding the bark of dogwood seedlings

and applying agar plugs containing D. destructiva mycelium to the wound (Hibben
and Daughtrey, 1988). Mycelium was applied to unwounded bark in the same
manner. Trees were incubated for approximately two months in darkness at 4 C or

low light levels at 22 C. Cankers formed in 17% of the wounds that were held at 4

C. Another inoculation technique involved spraying a conidial suspension onto the
upper leaf surfaces. Sixty eight percent of inoculated leaves became symptomatic of
dogwood anthracnose symptoms (Hibben and Daughtrey, 1988).
Partially germinated seeds were soaked in spore suspensions of D. destructiva
(Schrieber et al., 1993). For approximately 10 weeks seedling emergence and
survival were observed. Significant reductions in both emergence and survival caused

by the inoculation were noted.
In a subsequent experiment, partially germinated seeds were soaked in spore
suspensions of D. destructiva, Microsphaeropsis olivacea Hohnel, Phomopsis comi
(Sacc.) Traverso, or all combinations of the three (Schreiber et al., 1993). Significant
reductions in seedling emergence occurred between some treatments and controls, but
no seedling mortality followed emergence.
The effects of wounding leaves or stems before inoculation with D.

destructiva, M. olivacea, P. corni, or all combinations of the three were examined in

another study by Schreiber et al. (1993). Leaves were wounded by touching the
midrib with a red-hot needle and were then inoculated by brushing the upper leaf
surface with a suspension of the conidia of the appropriate fungus or fungi. Stems

were inoculated by cutting a flap of bark and inserting potato dextrose agar (PDA)
e

containing the test fungus or fungi and wrapping in Parafilm (American National Can,
Greenwich, CT). Trees were incubated in darkness at 18 C or 30 C for three weeks.

No cankers formed on any inoculated stems, and wounds healed in about three
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months. Only lesions on leaves inoculated with all three fungi expanded beyond the
wound margin. Differences in incubation temperatures did not affect lesion
development (Schreiber et al., 1993).

The objectives of this research included determining an effective method of
inoculating C.florida seedlings with D. destructiva. We thought that applying
conidia from a recently isolated strain of D. destructiva to wounded leaves, and
enclosing inoculated leaves in a moistened plastic bag for at least 7 days would
reliably cause dogwood anthracnose symptoms. In addition, the progress of lesion
development was monitored and the rate of lesion expansion of stressed and
unstressed seedlings of C. kousa and C.florida was quantified. It was hypothesized
that stressed seedlings of both species would suffer greater disease than unstressed
seedlings.

Chapter II

Inoculation Procedure

i. Introduction

Although dogwood anthracnose readily infects and decimates dogwood
populations in forests, researchers have had difficulty obtaining symptomatic plants in
laboratory studies. Various inoculation techniques have been tried, most with limited
success (Hibben and Daughtrey, 1988; Anderson et al., 1993; Schrieber et al., 1993).
Grand et al. (1994) used a detached leaf technique for pathogenicity tests of D.

destructiva. Leaves were injured with a pin-prick device with 60 holes/cm diameter,
and different forms of inoculum were applied to wounds. Inoculations were made
with conidial suspensions or plugs of mycelium, on wounded or nonwounded leaves.
After inoculation, leaves were incubated at 20 C in plastic boxes with moistened
laboratory towels. Leaves were rated for disease severity and time for acervulus
production was observed. In general, conidia caused more severe dogwood
anthracnose symptoms than mycelium, and more rapid acervulus formation.

Wounded leaves sporulated more quickly than nonwounded leaves.
Based on the results of the inoculation experiments by Grand et al., (1994),
wounding was included in the inoculation technique used in the present study.
Virulence of different D. destructiva propagules was tested by comparing hyphal
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inoculum and conidia. To determine the effect of isolate origin and time in culture on
virulence, an isolate of D. destructiva from Catoctin Mountain (CM) collected in

1993, and one from Great Smoky Mountain National Park (GSMNP) collected in
1994 were studied. Grand et al. (1994) had been previously successful in inoculating
dogwood trees with D. destructiva by enclosing inoculated leaves in moistened plastic
bags. In order to determine the optimum time for bags to remain on leaves, in order

to produce disease as quickly as possible, bags remained on leaves for 7, 4, or 2
days, or no bag was applied.
It was anticipated that the GSMNP isolate would be more virulent than the CM

isolate because it had spent less time in culture under laboratory conditions. Conidia
were expected to be more virulent than vegetative hyphae, in agreement with the
results of Grand et al., 1994. The longer the time period that each inoculated leaf
spent inside a moistened plastic bag, the greater the expression of disease symptoms
was expected to be on each leaf.

ii. Materials and Methods

Inoculum Production

Symptomatic leaves were collected from a "quiet walkway" in the GSMNP on
July 21, 1994. Diseased leaves were placed in moist chambers, consisting of petri
dishes containing a wet laboratory tissue or filter paper. Petri dishes were sealed
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using Parafilm. After 12 days in moist chambers, leaves were examined for acervuli.
Acervuli were found, but cirri were not noted. Discula sp. isolates were obtained by
inserting an inoculation needle into acervuli and then inserting the needle into plates

of potato dextrose agar (PDA) with about 20 mg/L each of streptomycin and
tetracycline (PDA+). Plates were subsequently sealed with Parafilm and incubated at
20 C in darkness. Isolates were transferred onto fresh PDA+ as needed until

January, 1995.
An isolate collected from the Presidential tree on CM on June 30, 1993 was

transferred to PDA+ from stock cultures on January 16, 1995. At that time, it had
been in culture for about 18 months and might possibly have lost its virulence.
To produce different inoculum types (vegetative hyphae and conidia), isolates
were cultured on slightly different media. Sporulation medium consisted of
autoclaved dogwood leaves placed on the agar surface in Petri plates of PDA+.
Dogwood leaves had been collected, frozen, and autoclaved on two consecutive days,
then stored in a refrigerator freezer. Just before transfers of the fungus were made,
the dogwood leaves were autoclaved again, and individual autoclaved leaves were

placed onto plates of PDA+. For conidia production, isolates were transferred onto
this sporulation medium. To produce vegetative hyphae, isolates were transferred

onto PDA+. Once all transfers were made, plates were incubated at 20 C in

darkness. Fresh transfers were made weekly to ensure that a culture would be ready
to use as inoculum when needed.
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Cultures were 57 days old when used as inoculum in the greenhouse and
growth chamber. Plates used for inoculum were chosen for similar colony form,
color, and age.

Plant Culture

One hundred trees were potted in pine bark mix [4 liters of dolomitic lime, 4
liters 17-6-10 Osmocote (Grace Sierra, Milpitas, CA) plus minor elements and 2 liters

Epsom salt (MgS04) added to each m^ of 4 pine bark/1 sand] (Kinsey's Nursery,
Knoxville, TN)in Zam 400 (approximately 3 liters) pots (Reidsville, NC) on
December 19, 1994. They were left in an overwintering house until January 10,
1995, when forty of these trees were moved to a greenhouse. There trees were given
supplemental light daily from 5 p.m. until 11 p.m., to induce budbreak. After leaves
emerged and some matured, twenty of these trees were moved to a plastic-enclosed
bench in a greenhouse (GH), and the remaining twenty were placed in an
environmental growth chamber (EGC)(model #M75, Environmental Growth
Chambers, Chagrin Falls, OH). The GH chamber was a bench enclosed with a
double layer of clear plastic stretched over a lumber frame, (14' 4" x 4' 6" x 4' 8"),
and covered with shadecloth. The chamber was equipped with three humidifiers and

an air conditioner. Maximum and minimum temperatures were recorded daily, and a

CRIO or 21X datalogger (Campbell Scientific, Logan, UT) recorded hourly average

temperature, light, and relative humidity. Average temperature generally ranged from
18 to 22 C, while daytime light levels varied from day to day. On sunny days, light
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levels reached 75 /iiriol m'^ s"' as measured by a Li-Cor PPFD quantum sensor (LiCor, Lincoln, NE). On overcast days, light measured around 20 ^rmol m'^ s"'.
Relative humidity generally ranged from 60 to about 93%, as measured by a HMP
35C humidity probe (Campbell Scientific, Logan, UT).
In the EGG, temperature was generally 18 C nightly and 20 C daily, with a 14
h photoperiod. Inside the growth room was a 10% transmission shadecloth, and light

intensity was between 100 and 120 /xmol m"^ s"\ in an area not shaded by leaves,
approximately 1.4 m (4.5 ft.) below lights. Relative humidity was set at a constant
value of 90%, but the humidity probe connected to the datalogger above indicated that

relative humidity ranged from 68 daily to 85% at night.
Dogwoods remained in the GH or EGG for approximately two days before
inoculation.

Inoculation Procedure

Leaves for inoculation were chosen for healthy appearance. Whenever
possible, terminal leaves were used. Leaves were wounded with a pin-prick device,
(floral frog, used for floral arrangements), as used by Grand et al. (1994).
For hyphae inoculum treatment, plugs containing hyphae were cut from the

growing edge of cultures with a 6 mm diameter cork borer and were rubbed into the
wounded leaf surface. For conidia treatment, the same cork borer was used to cut

plugs in dogwood leaf tissue which was laden with acervuli. The entire plug was

14

removed from the dish and applied to the wounded surface of the leaf so the conidia
treatment included some vegetative hyphae.

Inoculated terminal leaves and unwounded, noninoculated leaves opposite them
were enclosed in a plastic bag moistened with deionized water to maintain humidity.
Only the inoculated leaf was enclosed in the bag when it was not possible to use
terminal leaves. Plastic bags were Kroger brand zip-lock sandwich-sized bags with
the zip mechanisms removed. Bags were secured with twist ties, and remained on the
leaves for 0, 2, 4, or 7 days.

Experimental Design

Treatments formed a 2x2x4 factorial, with 2 isolates(CM and GSMNP), 2

inoculum types (spores and hyphae), and 4 different periods of time (0, 2, 4, or 7
days) during which leaves were in bags. These 16 treatment combinations were
administered using a 4x4 balanced lattice design: each of four leaves per tree was
inoculated with a different inoculation combination. Four trees constituted one

replicate of each of the 16 treatment combinations. There were 5 replicates of each
inoculation combination in each location, and trees were randomly placed in blocks in
either the GH or EGG.

Data Collection and Analysis

Lesions on each leaf were measured once weekly for five weeks beginning on

the seventh day after inoculation. Measurements of length and width of lesions were
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multiplied to estimate lesion area. Measurements over weeks were incorporated in
the analysis as repeated measures. Data were analyzed using Proc Mixed (SAS,
1996). Treatment means were compared using pairwise t-tests.

Reisolation of the Pathogen

After the final rating measurement, some symptomatic leaves were removed

from trees and placed into moisture chambers in the laboratory. Chambers were
sealed with Parafilm and incubated at room temperature for several days. Leaves
were periodically examined microscopically for production of acervuli. If acervuli

were found, Discula sp. was isolated on PDA+ as described previously.

iii. Results and Discussion

After five weeks, the average lesion size in the GH chamber was much larger

(201 ±37 mm^) than that in the EGG (14 ±37 mm^)(Table 1, Figure 1). More
severe dogwood anthracnose symptoms have been observed in shaded locations than
in full sunlight (Gould and Peterson, 1994; Erbaugh et al., 1995). Greater tree

mortality has been observed at understory sites than open locations (Hibben and

Daughtrey, 1988) and that high humidities intensify disease incidence and severity
(Chellemi and Britton, 1992). Chellemi et al. (1992) and Windham et al. (1993) cited

leaf wetness as a factor in dogwood anthracnose severity. Light intensity in the EGG
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Table 1. Analysis of variance for significant effects on estimated lesion area and their
Pr>F values.

Source of Variation

Pr>F

Location

0.0004

Bag Time

0.0006

Week

0.0001

Propagule*Origin

0.1

Location*Bag Time

0.01

Location*Week

0.0001

Propagule*Origin*Week

0.07

Location*Propagule*Origin
*Week

0.04

Bag Time*Week

0.0001

Location*Bag Time*Week

0.002
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Figure 1. Mean weekly lesion area estimates (mm^) for each inoculation treatment in
the greenhouse and the environmental growth room. Areas were estimated by
measuring the lesion length and width, and those numbers were multiplied. The first

character in names of each treatment represents inoculum origin (Catoctin Mountain

or Great Smoky Mountains); the second denotes fungal propagule (spores or hyphae);
the third indicates number of days inoculated leaf was in a bag (0, 2, 4 or 7). An
asterisk (*) denotes lesions significantly larger than 0 mm^ at P=0.10.
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was considerably greater than in the GH, and it was not possible to maintain relative
humidity as high in the EGC as in the GH.
The treatment that resulted in the most disease was conidia from the CM

isolate, bagged for 7 days in the GH. The most consistent treatment between

locations, however, was hyphae from the CM isolate bagged for 7 days. This
treatment caused the largest lesions in the EGC,(although they were not significantly

different from zero in that location) and the third largest in the GH (Figure 1).
The CM isolate and the GSMNP isolate had similar overall mean lesion sizes

(132 4i35 mm^ and 84 +.35 mm^ respectively, P=0.30). Isolate origin was expected
to affect symptom expression of inoculated leaves. It was anticipated that the
GSMNP isolate would cause more intense disease because it was isolated more

recently, however, virulence of the CM isolate was not reduced by its lenght of time

in culture in the laboratory.
No significant difference was found between fungal propagules (conidia or

hyphae). The average lesion size caused by hyphae was 97 Ji35 mm^, while that
caused by conidia was 118 ±35 mm^,(P=0.66). Germ tubes from conidia were
anticipated to induce more severe dogwood anthracnose symptoms than vegetative
hyphae. Conidia must germinate and establish entry before they can cause symptoms

to appear on leaves. Vegetative hyphae are already mature, but they must also enter
the leaf. The results of this study suggest that conidia germinate and gain entry into
leaves to cause symptoms as quickly as hyphae can penetrate the leaf surface.
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Bag time was important in lesion development (Table 1, Figure 2). Over
locations, weeks, fungal propagules, and isolate origin, lesions on leaves with 0, 2,

and 4 day bagged periods were not different from one another, but were significantly
smaller than lesions on leaves that remained bagged for 7 days. This outcome was
expected, but perhaps with a more linear relationship between bag time and lesion
size.

Week was a significant factor in lesion expansion (Table 1, Figure 3). Over
all locations and treatments, lesions at week 1 were significantly smaller than those at
any other week. Week 2 lesions were also different from those at all other weeks.

Week 4 was similar to both weeks 3 and 5, which were significantly different. When
environmental conditions are conducive to disease, lesions are expected to increase in
size over time.

The effect of bag time depended on the location of the experiments (Figure 4).
Over location, isolate origin and fungal propagule, lesions on leaves bagged for 7

days in the GH were significantly larger than those in the EGC for all bag times, and
0, 2 and 4 day bag times in the GH.

Rate of lesion expansion depended on the location of the experiments when
averaged over isolate origin, bag time and fungal propagule (Figure 5). By week 3,
lesions on trees in the GH were larger than those in the EGC, and remained so until
the experiment ended.

The effect of the bag time also depended on the week (Figure 6). When
averaged over location, fungal propagule and isolate origin, estimated lesion areas on
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Figure 2. Lesion area estimates (mm^) of inoculated leaves enclosed in plastic bags
for 0, 2, 4 or 7 days, averaged over location, week, propagule and isolate origin.
Areas were estimated by multiplying lesion length and width. Data points with
different letters are significantly different according to pairwise t-tests at P=0.10.
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leaves covered with bags for all periods were not different from zero during the first
week, but by week 2, lesions on leaves bagged for 7 days were significantly larger
than those on leaves bagged for 2 days or less. During weeks 3 and 4, lesions on
leaves enclosed for 7 days were larger than those on leaves enclosed for 0, 2, or 4

days. By week 5, estimated area of lesions on leaves enclosed for 4 days were
different from 7 days, but not different from leaves enclosed for 0 or 2 days.
Location affected the influence of bag time and week (Table 1). Location also
affected the influence of propagule and isolate origin. Week influenced the effects of
propagule and isolate origin.

By the fifth week, three treatments had produced lesions of at least 10 mm^ in
at least 40% of the leaves inoculated in both the GH and the EGC (Figure 7). Each
of these treatments caused lesions with areas significantly larger than zero in the GH,
but none were larger than zero in the EGC. Conidia from the CM isolate on leaves

enclosed for 7 days caused infection in 80% of inoculated leaves in the GH, and 40%

of inoculated leaves in the EGC. Eighty per cent of leaves in the GH inoculated with

hyphae from the CM isolate and enclosed for 7 days had lesions, while the same
treatment in the EGC caused dogwood anthracnose lesions in 60% of inoculated
leaves. Hyphae from the GSMNP isolate bagged for 7 days caused lesions in 100%
of leaves inoculated with that treatment in the GH chamber, while the same treatment
caused lesions in 60% of leaves inoculated in the EGC.

In the greenhouse, conidia from the CM isolate and hyphae from the GSMNP
isolate progressed similarly during weeks 1 through 3 (Figure 8). In all three
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treatments, the rate of lesion expansion slowed during week 3. At week 4, lesion

expansion increased in the two CM treatments. Lesions from the treatment involving
hyphae from the GSMNP isolate remained level for the duration of the experiment
after week 3.

In the EGG, lesion development caused by each of the three treatments was

different (Figure 8). Lesions from conidia of the CM isolate expanded slowly until
week 4, when they more than doubled their size by week 5. Lesions caused by
hyphae from the GSMNP isolate expanded most in the period between weeks 1 and 2.

After week 2, lesions caused by conidia of the CM isolate nearly ceased to expand.
Lesions from hyphae of the CM isolate expanded rapidly for the first two weeks, then
leveled for the remainder of the experiment. However, no lesions in this location

were significantly larger than zero.

In considering the applicability of this inoculation technique to the nursery
industry, one concern might be that wounding leaves during inoculation could
compromise some physical barrier present in resistant seedlings, which is a problem

long faced by researchers interested in disease resistance. Because so many
laboratories working with D. destructiva have had difficulty reproducing disease
symptoms in controlled settings, wounding would assure success for their purposes.

It had been suggested by Dr. Larry Grand that his detached leaf inoculation technique
might work on attached leaves (Grand et al., 1994).
Other researchers successful in inoculating dogwoods with D. destructiva used

acid mist pretreatment (Anderson et al., 1993). In previous research, acid mists
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broke down leaf surface wax and cuticle, and injured trichomes (Thomham et al.,

1992). Trees at high elevations are exposed to acidic mist and thus are possibly
predisposed to dogwood anthracnose (Thornham et al., 1992). Injury to dogwood leaf

surfaces caused by insects allow entry for D. destructiva (Colby et al., 1995). Thus,
wounds are likely involved in the natural spread of the disease.
Some infection was observed without wounding, but no data were recorded on
this phenomenon. Since pairs of wounded and nonwounded leaves were enclosed in
moistened plastic bags whenever possible, inoculum could also infect the unwounded
leaf.

Because there was so much less disease in the EGG than the GH, conditions in
the EGG were adjusted and the inoculation procedure was modified at that location.

A 50% transmission shadecloth was added and a bag time of 12 days instead of seven
was included in subsequent studies.

iv. Summary

A successful inoculation technique should include environmental conditions

which are conducive for infection and disease development. Since dogwood
anthracnose occurs primarily in moist, cool environments, inoculated leaves were
covered with moistened plastic bags and the experiment was conducted in a controlled
environment growth chamber (EGG) or in an air conditioned enclosure in a
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greenhouse (GH). The time period that leaves spent enclosed in bags was varied to

find the optimum time for disease development. Other factors manipulated in this

inoculation experiment were isolate origin (CM or GSMNP) and fungal propagule
(hyphae alone or conidia and hyphae) applied to the wounded leaf surface.
Of the factors manipulated in this experiment, location of trees during the

experiment(GH or EGG) was most important in lesion development. Environmental
conditions in the GH chamber were much more conducive than those in the EGG for

development of dogwood anthracnose. Because conditions in the EGG were less

favorable to dogwood anthracnose than the GH chamber, the inoculation procedure
and the light conditions in that location were modified for future use. A 50%

transmission shadecloth was added and moist bags remained on inoculated leaves for a
longer period in the EGG in subsequent studies.
Bag time was another factor which caused significant differences in lesion
expansion. Inoculated leaves in bags for 7 days had lesions about five times larger
than those with bags for 2 or 4 days or without bags.
Neither isolate origin nor inoculum propagule was a significant factor in
symptom expression of dogwood anthracnose. For subsequent experiments, conidia
from the CM isolate were used, because the conidial inoculum includes some

vegetative hyphae, and because the GM isolate performed more consistently between
locations.
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Chapter III

Water Stress Studies

i. Introduction

Growth and vigor of dogwood seedlings can be hindered by exposure to water
stress (Williams et al., 1988). Water stress has been linked also to weakened

defenses of dogwoods against diseases (Pirone, 1980; Daughtrey and Hibben, 1983;
Holmes and Hibben, 1989; Mullen et al., 1991; Anderson et al., 1993; Smith, 1994;

Erbaugh et al., 1995). Generally, water stress that is most obviously damaging to
plants is drought. Drought stress reduces stomatal conductance, transpiration,
photosynthesis and shoot and leaf water potentials (Williams et al., 1987; Bahari et

al., 1985). Shoot length is also suppressed by water shortage, and a severe drought
event can affect the growth rate of the plant the following growing season (Williams
et al., 1987).

Roots of a flooded plant may fail to absorb waqter due to lack of oxygen
(Bruehl, 1987; Kramer and Boyer, 1995). Too much water may also increase
p>opulations of anaerobic bacteria in the soil (Bruehl, 1987). These bacteria can cause

roots to rot, further decreasing water absorption by roots. Because of this lack of
water absorption, leaves can dehydrate, resulting in stomatal closure and leading to
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many of the same disturbances in normal plant function caused by drought (Kramer
and Boyer, 1995).

One simple way to quantify drought stress is by gravimetrically determining
water content of soil (Kramer and Boyer, 1995). Before soil relative water content
(RWC) can be calculated, it is necessary to determine an average plant and pot
weight, and the water holding capacity of the potting media. Once these factors are

established, it is possible to calculate the weights of soil and water individually. The
weight of the tree at field capacity is considered 100% RWC. With these values, an

estimate of soil RWC can be determined at any time from the weight of the entire
potted tree. The per cent soil saturation imposing drought stress on a plant is an

important physiological point. Drying trees, weighing them and calculating soil RWC
daily allow observation of visible and physiological signs of moisture stress and
correlation of those symptoms with the soil water content.
Measuring plant response to flooding is often a more meaningful gauge of

flooding stress than measuring soil moisture. Stomatal conductance (gj
measurements, for instance, provide a practical guide to the degree of stress to which

a flooded plant is exposed. Stomatal conductance is measured by porometers, which
gauge the time needed to obtain a certain relative humidity in a small chamber

enclosing a portion of a plant leaf surface (Wayers and Meidner, 1990). This time
measurement, along with ambient temperature and relative humidity readings, can be
used to calculate openness of stomata of the plant, which can provide an indication of
tree stress.
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ii. Materials and Methods

Determination of Soil Water Content at Wilting

On December 19, 1994, one hundred C.florida seedlings were potted in Zam
400 nursery containers in the pine bark medium described in Chapter II. On March

18, 1995, 150 additional C.florida seedlings were potted in the same type of
containers, and in the same medium. Fiberglass insect screening was secured with

duct tape over the drainage holes of the containers, to prevent loss of potting medium
when plants were watered. Trees that had been potted during the winter had been
maintained in a plastic overwintering house until March 10, 1995, or had been in a
greenhouse since January 6, 1995, with 400 watt sodium vapor lights from 5 to 11
p.m. each day. More recently potted trees were placed into a greenhouse (with no

artificial light) for quick budbreak. There trees were watered about four times per
week.

Camus kousa trees were from seeds collected by Mrs. Polly Hill at Martha's
Vineyard, Massachusetts, and had been previously studied in a resistance trial
conducted in the Great Smoky Mountains National Park (GSMNP). Several of the
seedlings had been rated as resistant to dogwood anthracnose, while others were as

susceptible to dogwood anthracnose as C. florida trees. Trees were selected without
regard to resistance or susceptibility. Comus kousa trees were potted in Zam 800 (6
liter) nursery containers in the same pine-bark mix used to pot C.florida trees, and
were removed from GSMNP on Dec. 19, 1994. In the spring, trees were moved
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from an overwintering compound into a greenhouse, where drainage holes were
covered with insect screening, and screens secured with duct tape as described

previously. Care was taken to cut screens the same size for each pot, and to use

about the same amount of duct tape. On May 19, 1995, five C.florida seedlings and

six C. kousa seedlings were chosen to approximate the range of sizes of trees present.
Their tops were cut off at the soil level with pruning shears, and weighed immediately
on a Sartorius field balance (Sartorius AG, Goettingen, Germany). Roots were
excavated, washed, blotted dry and weighed using the same scale. Care was taken so

that few roots were broken and very little potting media adhered to the roots. Total

tree weights were recorded and averaged for each species.
Ten Zam 400 and ten Zam 800 nursery pots with screened drainage holes
were weighed on the Sartorius field balance. Weights were averaged for each pot
size.

Four pots of pine bark media were watered until saturated, drained at an angle

for one hour, and weighed. Potting mix was then placed into metal pans, and pots
(with adhering debris) were weighed. Weights of the pots and debris were subtracted
from weights of the full field capacity pots, to obtain weights of the soil samples
alone at field capacity. The four saturated soil samples were placed into a soil oven
(Yamato Scientific America Inc., Orangeburg, NY) at 105 C and dried for about 72

h. Dry soil samples were weighed on the Sartorius field balance and water holding
capacity of the potting media was calculated. The formula was as follows:
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Container Capacity = HjO saturated/CHjO+dry soil) x 100 = {[(total
saturated weight-pot weight)-(dried weight-pot weight)]/(total saturated weight-

pot weight)} X 100.

On May 19, 1995, five C.florida seedlings from the greenhouse were placed
into each experimental location (the EGG and the GH inoculation chamber). Trees
were watered until saturated, drained at an angle for one hour, and weighed. This

weight was the container capacity weight (100% soil RWC) used in subsequent
calculations. To determine soil (RWC) at which severely droughted trees should be

rewatered, trees were not watered but were weighed 4-5 times per week until they
wilted. Observations of tree health were made daily.

Porometrv to Quantify Flooding Stress

In the first week of June, 1994, C. florida and C. kousa trees were fertilized

with Osmocote (14-14-14) at a rate of approximately 3 g/L.
On June 6, 1995, fifteen two-year old C. kousa trees of approximately the
same size, and fifteen one-year old C.florida trees, were chosen for use in the stress
experiment. All trees were placed in the EGG. Trees were arranged in a randomized

complete block design, with 3 replicates and one of five watering treatments (severe

flooding, moderate flooding, control, moderate drought, or severe drought) was
randomly assigned to each tree. Environmental conditions were similar to those
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described in Chapter II in the EGG, except that a 50% transmission shadecloth was
added.

Stomatal conductance (gj of trees with flooding, moderate flooding, and
control watering treatments was measured. Flooded trees were stressed by placing
their pots into a deep dish and keeping the soil at or near field capacity for five
consecutive days per week. Moderately flooded trees received the same flooding
treatment for four consecutive days per week. Control trees were watered well twice
weekly but allowed to drain. Since the stress level of the droughted trees was

gravimetrically monitored, these trees were not used for porometry studies.
Porometry measurements were made with a transient porometer (Delta T
Devices, Cambridge, England) on all control and flooded trees in the EGC in an
attempt to verify the effect of stress treatments on the trees. At about the same time

each day on July 9, 10, 11, 13, and 14, we measured nine trees per species, three
leaves per tree, (except for one day on which six leaves per tree were measured) four
weeks after stress treatment began.

iii. Results and Discussion

Determination of Soil Water Content at Wilting

Average fresh weight of C. florida seedlings was 43.6 g, although seedlings
ranged from 21 to 71 g (Table 2). Biomass distribution of three of the five trees
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Table 2. Top, root, and total weights of five C.florida and six C. kousa trees for

determination of soil realtive water contents from whole potted tree weights.

Cornusflorida
Tree

Tree Top

Tree Root

Sample

Weight(g)

Weight(g)

1

28

43

71

2

14

12

26

3

10

11

21

4

20

13

33

5

33

34

67

Average

21

22.6

43.6

Total

Cornus kousa
Tree top

Tree root

weight(g)

Weight(g)

1

31

44

75

2

92

58

150

3

93

76

169

4

39

44

83

5

67

61

128

6

60

72

132

Average

63,7

59.2

122.8

Tree Sample
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Total

weighed was well balanced between roots and shoots. Cornus kousa seedlings were
older and larger, averaging 122.8 grams each. Cornus kousa trees ranged in weight

from 75 to 169 grams. Only one of the six C. kousa trees appeared to be
disproportionate in its biomass distribution, with 92 grams in shoots and 58 grams in
roots.

Water holding capacity of the media was consistent among samples (Table 3).

In each of the four samples, between 69 and 70% of container capacity weight was
water.

Percent soil RWC at which C. florida seedlings wilted was between 39 and
32% (Table 4). One of the ten trees was accidentally watered during the experiment,
so data for that tree were omitted. Six of the nine trees tested wilted within the three

week duration of the study.
Based on results of this study, the soil RWC was selected at which drought
stressed trees would receive water in subsequent studies. Thirty-five per cent soil
RWC (near wilting point) was designated the rewatering point of severely droughtstressed trees, while moderately droughted trees were watered when they dried to
45% soil RWC.
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Table 3. Water holding capacity of four samples of potting media at container
capacity. The formula used to calculate this value was

Container Capacity = HjO saturated/lHjO+dry soil) x 100 = {[(total
saturated weight-pot weight)-(dried weight-pot weight)]/(totaI saturated weight-

pot weight)} X 100.
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Number
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100

100
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2

3

4

5

88
86
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92
90

100

100
100

7

8

10

83

91

100

87

80

89

77

72

74

69

70

58

63

70
79

70

73

72

73

77

76

76

81

89

66

67

54

68

70

70

60

74

76

79
64

67

31

May

70

30

May

74

29

May

68

83

79

27

May

75

87

90

88

25

May

6

Greenhouse

93

100

92

24

May

1

Room

Growth

May

Tree

wilted (shaded values).

66

66

52

67

69

69

58

73

66

1

59

58

44

61

62

62

48

67

58

3

54

52

39

56

56

56
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63

52

5

53
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38

55

54

54

39

61

50

6

51

47

36
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42

36
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36

37
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13

59
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Table 4. Daily soil relative water content(RWC)estimations and soil RWC percentage at which C.florida seedlings

Porometry to Quantify Flooding Stresses

Stomatal conductance (gj of C. kousa control trees ranged from 168 to 235

mmol m"^ s"', with an overall mean of 199 mmol m"^ s'^ Stomatal conductance (g,) of
moderately flooded trees ranged from 75 to 201 mmol m'^ s"', with a mean of 149

mmol m'^ s'^ Stomatal conductance (gj of severely flooded trees ranged from 122 to

199 mmol m'^ s"', with a mean of 169 mmol m'^ s"'. This author found no published
data on the stomatal conductance of C. kousa trees under any conditions, stressed or
otherwise.

Stomatal conductance of C.florida control trees ranged from 118 to 165 mmol

m"^ s"S with a mean of 129 mmol m"^ s"'. Williams et al. in 1987 reported that the g,
of their C.florida control trees was between 141 and 254 mmol m'^ s■^ Moderately
flooded trees ranged in gj readings from 169 to 270 mmol m'^ s"', with an average of

208 mmol m"^ s"'. Severely flooded C. florida trees had a range of 141 to 166 mmol

s"' gj, with a mean of 160 mmol m'^ s"'. No literature is available concerning g,
of flood-stressed C florida trees. It was expected that control trees would have the

highest g„ moderately flooded trees to have an intermediate value, and severely
flooded trees to have the most restricted g^. Surprisingly, C. florida control trees had
the lowest g,, and severely flooded trees had an intermediate

value. These results

could be explained by the possibility that the control treatment was not watered
enough, our moderately flooded trees were receiving the correct amount of water, and

our severely flooded trees were flooded enough to induce slight stomatal closure.
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There was no consistent pattern of

readings from C. kousa trees between

different watering treatments, and control-treated C.florida trees consistently had the
lowest gj readings (Table 5). Since the watering treatments did not have the
predictable, expected effect on gj readings, (perhaps indicating that control trees were

inadequately watered), flooding and control treatments were altered for subsequent
studies. From that point on, control trees were watered 5-6 days per week, and
moderate flood treatment was converted to severely flooded. All flood-treated trees

were watered 5 to 6 days per week, saturating the medium, without any gravitational
drainage allowed.

iv. Summary

Soil RWC at wilting point was estimated to be 35% for nine C.florida
seedlings. Since it generally takes considerable soil drying to cause wilting of mature
Camus foliage, 35% soil RWC was designated as severe drought stress. To
determine if drought stress affects disease development in C.florida trees before
symptoms of stress are visible, 45% soil relative water content was tested as a

moderate degree of drought stress.
Flooding stress is detectable by stomatal closure. Stomatal conductance was

measured with a porometer in severely flooded, moderately flooded, and control C.
florida and C. kousa trees in a controlled environment. Stomatal closure was not
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Table 5. Mean stomatal conductance (g,) of three severely flooded, three moderately flooded, and three control C.florida
and C kousa trees on five dates, and overall mean stomatal conductance of all dates.

Treatment

July 9

July 10

July 11*

July 13

July 14

Mean

170

194

122

199

162

169.4

179

160

129

75

201

148.5

168

233

135

222

235

198.8

162

164

141

166

166

159.8

169

189

174

270

241

208.3

125

118

122

118

165

129.4

C. kousa
Flood
Moderate
-fi.

flood
Control

C.florida
Flood
Moderate
flood

Control

* Six measurements per tree were recorded on this date. On all other dates, three measurements

per tree were recorded.

predictable based on watering treatments, thus the flooding and control treatments
were altered to establish healthier control trees with open stomata, and more severely
flood-stressed trees with less open stomata.

45

Chapter IV

Relation of Water Stress to Disease Severity

i. Introduction

Since flowering dogwood is a shallowly rooted tree species (Smith, 1991), it is
drought sensitive, and prolonged dry periods are detrimental to its growth and

survival (Williams et al., 1988). Comusflorida and C. kousa prefer well-drained

soils (Jaynes et al., 1993), and planting a dogwood tree in a poorly draining area can
induce wilting, sometimes resembling symptoms caused by drought (Kramer and
Boyer, 1995).

Some researchers have hypothesized that water stresses can predispose
dogwood trees to anthracnose (Pirone, 1980; Daughtrey and Hibben, 1983; Holmes

and Hibben, 1989; Anderson et al., 1993; Pacumbaba and Beyl, 1994; Smith, 1994;
Erbaugh et al., 1995). Low light intensity and drought stresses have been reported to
affect disease severity of dogwood anthracnose (Gould and Peterson, 1994; Erbaugh
et al., 1995). Drought increased disease severity on trees shaded 98%, 90% and 50%

of full sun, but it had no effect on disease severity of trees without shading (Erbaugh

et al., 1995). In another experiment, irrigation during drought reduced symptoms of
dogwood anthracnose in street trees, and those grown in full or partial sun had less
disease than those in shade (Gould and Peterson, 1994). Pacumbaba and Beyl (1994)
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reported greatest disease incidence (number of leaves infected per tree) on trees

grown under 80% shade, and least disease incidence in full sunlight.
Comus kousa is reportedly resistant to dogwood anthracnose infection (Holmes
and Hibben, 1989; Santamour et al., 1989; Brown et al., 1996). When infected with

Discula sp., most kousa dogwoods exhibit fewer and milder symptoms than infected
flowering dogwood trees (Holmes and Hibben, 1989; Santamour et al., 1989; Brown

et al., 1996). In a trial to find natural resistance among eight species of the Comus
genus, a few small, circular necrotic lesions on several C. kousa leaves were

observed, but there was no twig dieback and no fungi were isolated from symptomatic
leaves (Sherald et al., 1994).

Not all kousa dogwoods are resistant to dogwood anthracnose. Apparently,
kousa dogwoods vary in their levels of resistance to the disease, (Brown et al., 1992;
Windham and Trigiano, 1993; Ranney et al., 1995; Brown et al., 1996), and the
resistance of one variety may vary depending on the environmental conditions
(Sherald et al., 1994). In 1994, a D. destructiva infection on the C. kousa x C.

florida varieties 'Stellar Pink' and 'Constellation' was reported (Smith, 1994). In a

1995 variety trial for dogwood anthracnose resistance, C. kousa varieties 'Steeple'
and 'Milky Way' and C.florida x C. kousa crosses 'Stardust', 'Stellar Pink', and

'Celestial' were rated as resistant to the disease (Ranney et al., 1995). The C.florida
X C. kousa cross 'Constellation' was rated intermediate in its resistance. Comus

kousa varieties 'Wolf Eyes', 'Moonbeam', and 'Autumn Rose', (along with some C.
florida seedlings) were rated highly susceptible to dogwood anthracnose, and none
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survived the winter (Ranney et al., 1995). Heavy disease pressure was applied in this

resistance trial, and none of the taxa tested were rated immune to the disease (Ranney
et al., 1995). Comus kousa and C. kousa cv. 'Chinensis' were tested in a resistance

trial by Brown et al. (1996), in which C. kousa cv. 'Chinensis' was rated as

susceptible to dogwood anthracnose as C.florida, and C. kousa trees were less
affected by the disease than were the C. florida and C. kousa cv. 'Chinensis'.

Little research has been conducted on the effects of flooding stress on
dogwood trees. However, Pacumbaba and Beyl (1994) placed C.florida seedlings

under different water availabilities for 12 weeks prior to inoculation with a mycelial
suspension of D. destructiva. Increased water availability (100% water holding
capacity) significantly increased disease severity on dogwood leaves inoculated in
vitro. The present study included a flooding treatment to determine the effect of

poor site drainage on disease resistance in C.florida and C. kousa trees. Mild and
severe drought stress treatments were included.

11. Materials and Methods

Inoculum Production

Inoculum was produced by transferring the Catoctin Mountain isolate of D.

destructiva described in Chapter II (reisolated from the leaves inoculated as described

in Chapter II) onto sponilation medium consisting of PDA + plates with autoclaved
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dogwood leaves. Cultures for the first trial of the stress experiment were incubated in

darkness at about 20 C for about 40 days. In the second trial, inoculum plates were

incubated for 27 days in darkness at approximately 25 C.

Plant Culture

Comusflorida seedlings in the first trial of this experiment were potted in
Zam 400 pots and placed into a greenhouse for quick budbreak as described in
Chapter III. Eighty C. kousa seedlings described in Chapter III, potted in Zam 800
nursery containers, were allowed to break bud outside in a shaded area. Once trees
had some fully expanded leaves, they were placed in either the greenhouse inoculation
chamber (GH) or the environmental growth room (EGC)(both described in Chapter
II), on June 14, 1995, for the first trial.

Comusflorida and C. kousa trees for the second trial of this experiment were
maintained in the greenhouse for the duration of the first trial. The second week of

August, 1995, a severe outbreak of powdery mildew on C. florida trees was noted in
the greenhouse. Trees were stripped and weekly fertilized with Miracid (Stem's
Miracle-Gro Products, Port Washington, NY). Infected C. kousa trees were removed
from the greenhouse. Sulfur was burned in the greenhouse twice weekly to prevent

the recurrence of powdery mildew (Bent, 1967; Hislop, 1967). In mid-August,

incandescent bulbs equipped with a timer were suspended above benches to extend the

photoperiod until 11 p.m. in order to prevent leaf abscission in the fall. Sulfur
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treatments were continued until August 28, 1995, when trees were moved to either

the GH inoculation chamber or the EGC for the second trial of the stress experiment.
Since trees had grown all summer, the C. kousa trees used for the second trial

were considerably larger than those used for the first trial. Since the supply of C
kousa trees was limited, no trees could be sacrificed to find new average fresh
weights for soil water content calculations. Therefore, C. kousa trees used in the

second trial were pruned to the approximate size of those used in the first trial. Since

C.florida trees had recently been stripped of all leaves due to powdery mildew they
were not pruned.

In both trials, three replicate groups (each containing ten trees; one each of
control, moderate drought and severe drought-treated trees and two flooded trees of
each species) were placed into the EGC described in Chapter II. An additional three

replicates were placed at the same time into the GH chamber described in Chapter II.
During each trial, there were ideally six trees of each species receiving control,
severe drought and moderate drought treatments, and twelve trees of each species
receiving flooding treatment. Occasionally, other treatments had fewer than the six
replicates, because of tree shortage or errors at inoculation time (Table 6). In the
first trial of this experiment, stress treatments began immediately after trees were
moved from the greenhouse to the EGC or GH inoculation chamber. In the second

trial, stress began about two days after trees were moved into their respective testing
locations.
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Table 6. Numbers of replications for each watering treatment of each species in each
location, during each trial.

Species

Treatment

Repetition 1

Repetition 2

Summer,1995

Fall, 1995

EGC

GH

EGC

GH

Totals

Flood

5

6

5

5

21

Control

3

3

2

3

11

Drought

3

3

3

3

12

S. Drought

3

3

3

3

12

EGC

GH

EGC

GH

Flood

6

6

6

5

23

Control

3

3

3

3

12

Drought

3

3

2

3

11

S. Drought

3

3

2

3

11

C kousa

C.florida
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In the EGC, conditions of light, temperature, and relative humidity were

recorded with a CRIO or 2IX datalogging system with relative humidity sensors,
thermocouples, and light sensors as described in Chapter II. Environmental

conditions included temperatures of 18 C at night, and 20 C during daylight hours.
Relative humidity conditions remained between 60 and 85%, and light intensity of

about 55 Atmol m"^ s"' [in an area not shaded by any leaves, about 1.4 m (4.5 ft.) from
lights] was maintained between 6 a.m. and 6 p.m. In the GH, light and temperature
were monitored and recorded on a datalogger system similar to that in the EGC, as
previously described in Chapter II. Light intensity approached 25 /xmol m'^ s'^ on

bright days, but remained under 15 /xmol m'^ s"' on overcast days. Temperatures
were between 17 and 23 C, and relative humidity was assumed to remain near 95%,
according to previous measurements in the GH chamber.

For the first two weeks of stress treatment in the first trial, severely flooded,
moderately flooded, and control trees were watered as described in Chapter III. After

the first two weeks of stress treatment in that trial, a transient porometer described in

Chapter III was used to measure gs of severely flooded, moderately flooded, and
control trees. There were no consistent, predictable differences in g^ of the same
species among watering treatments (flooded, moderately flooded, and control), so the

administration of the flooding stress was altered as described in Chapter III. These
modified treatments were followed for the duration of the second trial of this

experiment.
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Pots of draughted and severely droughted trees were weighed daily (4-6
days/week) on a Sartorius field balance and weights were recorded in grams.
Percentage of soil RWC was calculated as described in Chapter III. When the soil

RWC reached about 35% (severe drought) or approximately 45% (moderate drought)
trees were watered.

Experimental Design and Inoculation

Trees were placed in a randomized complete block design in their respective
chambers. Treatments were arranged in a 2x2x4 factorial design, with two locations

(GH and EGG), two species (C. kousa and C.florida), and four watering treatments
(severe drought, drought, control, and flood). The confidence interval was set at
0.10.

After 36 days of stress, (on July 20, 1995) in the first trial, and 37 days of
stress (on October 3, 1995) in the second trial, five leaves per tree were inoculated as

described in Chapter II, using conidia from the Catoctin Mountain isolate. Bags were
left on inoculated leaves for seven days in the GH and for twelve days in the EGC.
Stress continued to be applied for the duration of the experiment.

Data Collection and Analysis

Measures of susceptibility were recorded by two different methods. A
sectional diagram of a modified Horsfall-Barratt rating scale was used to estimate

disease severity, where 0=0% of leaf area with anthracnose symptoms, 1 =1-3%,
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2=3-6%, 3=6-12%, 4=12-25%, 5=25-50%, 6=50-75%, 7=75-88%, 8=88-94%,
9=94-97%, 10=97-100%, and 11= dead (Horsfall and Barratt, 1945; Windham,

1986). Lesion length and width dimensions were multiplied to estimate lesion area,
as described in Chapter II.

Raw Horsfall-Barratt ratings were transformed to percentages of leaf area
affected by dogwood anthracnose lesions (Redman et al., 1969). Log transformations

improved normality of both percentage and area estimate distributions and equalized
standard deviations of both scales, allowing the use of an analysis of variance

procedure (SAS, 1996). Significant differences were determined by examination of
the log transformed data, but least squares means of percentages of affected leaf area,
rather than log means, are reported here.

iii. Results and Discussion

Trial, location and week were main factors with significant effects on

percentage of leaf area with dogwood anthracnose symptoms (Table 7).
Percentages of diseased leaf area for C. florida and C. kousa were statistically

similar when averaged over trials, watering treatments, weeks, and experimental
locations(GH or EGG)(P=0.81)(Table 8). These data agree with the report by
Holmes and Hibben (1989), who found kousa dogwoods suffering and even dying
from dogwood anthracnose, when irrigated by an overhead watering
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Table 7. Analysis of variance for significant effects on percent diseased leaf area and
Pr>F values.

Source of Variation

Pr>F

Trial

0.0001

Location

0.002

Week

0.0001

Trial*Location

0.0003

TriaI*Species

0.02

Trial*Week

0.0001

Trial*Location*Week

0.005

Trial*Species*Week

0.09
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Table 8. Least squares mean percentages of diseased leaf area for species, location
and trial. A pictorial diagram of a modified Horsfall-Barratt rating scale was used to
estimate disease severity, (where 0=no diseased leaf area, 1=1-3%, 2=3-6%, 3=6-

12%, 4=12-25%, 5=25-50%, 6=50-75%, 7=75-88%, 8=88-94%, 9=94-97%,

10=97-1(X)% of leaf area blighted, and 11= dead leaf), and lesion ratings were
transposed to percentages (Redman et al., 1969). Means followed by a different letter
are significantly different according to pairwise t-tests at P=0.10.

Source of
Variation

Mean Percent

Standard

diseased leaf

Error of

area

Mean

Species

1.8

C.florida

10 a

C. kousa

9.5 a

Location

1.8

EGC

4.8 a

GH

14.7 b

Trial

1.8

First

3.5 a

Second

16 b
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system. They considered the watering system to be a stress factor that weakened or
bypassed the resistance mechanism of kousa dogwoods. Since the present experiment
also involved stresses, it is logical that the reaction of C. kousa would be similar to

that of C.florida. In fact, average lesion size on control C. kousa trees was similar
to that of C. kousa. Brown et al. (1996), in a trial involving no stress treatment,
found that C. kousa cv. 'Chinensis' was as susceptible to dogwood anthracnose as C.

florida, and that other C. kousa trees had significantly milder symptoms than C.
florida. The C. kousa trees originated from seeds collected in Massachusetts, and
were used by Witte (personal communication) in a dogwood anthracnose resistance
trial in GSMNP. In his unpublished results, Witte found that several of the C. kousa
trees were as susceptible to dogwood anthracnose as C. florida trees, without any
specific stress applied to trees. The degree of resistance or susceptibility were

unknown when trees of similar size were selected from Witte's supply, but our results
support his conclusion.

The second trial of this experiment had significantly more disease than did the
first trial (Table 8). Although maintenance of constant environmental conditions was
attempted, the difference could have been due to the time of year in which each trial
was completed. Since fall temperatures are cooler and autumn sunlight is not as

intense as during summer, conditions during the second trial (especially in the GH)
could have been much more conducive to dogwood anthracnose. Another possible

cause of this difference is the age of the inoculum. The first trial was inoculated with
a culture that was about 40 days old, and some conidia in that culture may have
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already spent their stored energy and therefore lost virulence or died. Cultures were
only 27 days old when used as inoculum in the second trial.

The effect of species depended on the trial (Figure 9). In the first trial,

percentage of leaf area with dogwood anthracnose symptoms was greater on C.
florida trees than on C. kousa trees. In the second trial, however, lesions on the two

species occupied similar percentages of leaf area. It is possible, although trees were
randomly chosen for each trial, that more susceptible C. kousa trees were used in the

second trial than in the first. It is also possible that environment was more stressful
to C. kousa trees in the second trial than in the first. In the first two weeks of the

first trial, flood stress treatments did not cause the expected pattern of stomatal
closure. This short period of less stress may have been enough to allow C. kousa
trees to maintain their resistance. For the entire duration of the second trial,

however, flooded trees were never allowed to drain. Two extra weeks of stress may
have disrupted resistance mechanisms in C. kousa trees.

Leaves on C.florida trees in the first and second trials were recently emerged.
However, C, kousa leaves in the second trial were mature leaves. Thus, in the first

trial, young C. kousa leaves were compared to young C.florida leaves and there was
a difference in lesion size. In the second trial, we compared young C.florida leaves
to mature C. kousa leaves, and there was no difference in leaf area affected. It is

possible that C. kousa leaves are initially more resistant to dogwood anthracnose than

C.florida leaves, but then gradually lose their resistance. Leaf physiology changes as
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Figure 9. Least squares means of percent diseased leaf area for species X trial
interactions, averaged over watering treatment, location and week. Percent diseased
leaf areas were transposed from Horsfall-Barratt ratings (0=no diseased leaf area,
1=1-3%, 2=3-6%, 3=6-12%, 4=12-25%, 5=25-50%, 6=50-75%, 7=75-88%,

8=88-94%, 9=94-97%, 10=97-100% of leaf area blighted and 11= dead leaO
(Redman et al., 1969). Bars marked with different letters are significantly different
according to pairwise t-tests at P=0.10.
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leaves age, however the effects these physiological changes have on disease

expression, development and susceptibility of C. kousa trees is unknown.
Another important factor in expression of dogwood anthracnose symptoms was
the location of the experiments, EGC or GH chamber (Table 8). Gould and Peterson

(1994) and Erbaugh et al. (1995) observed more severe disease symptoms in shaded
locations than in sunny places. Hibben and Daughtrey (1988) noted greater tree
mortality of infected dogwood trees in understory locations than in open sites.
Chellemi and Britton (1992) observed greater incidence and severity of dogwood
anthracnose in interior canopies of understory C.florida trees in western North

Carolina, where evaporative potential is low (i.e. relative humidity is high), than in
exterior canopies. Site factors, such as the direction a slope faces, affect disease
severity and incidence (Chellemi et al., 1992; Windham et al., 1993). Leaf wetness

has been related to increased dogwood anthracnose severity (Chellemi et al., 1992;
Windham et al., 1993). Plots located close to streams contained more trees with

severe dogwood anthracnose symptoms than did plots farther away from water

(Windham et al., 1991). Air and leaf humidities are reportedly factors in dispersal
and spread of£>. destructiva on leaves (Auge, 1995). Since the GH chamber was
much darker and more humid than the EGC as described in Chapter II, providing

conditions more conducive to disease, it is not surprising that disease was expressed
more readily in the GH inoculation chamber than the EGC.
When comparing percentages of leaf area affected for each trial X location

combination, some significant differences were noted (Figure 10). Disease severity in
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Figure 10. Least squares means of percent diseased leaf area for trial X location
interactions. Percentages were transposed from a Horsfall-Barratt rating scale

(Redman et al., 1969), where 0=no diseased leaf area, 1 = 1-3%, 2=3-6%, 3=612%, 4=12-25%, 5=25-50%, 6=50-75%, 7=75-88%, 8 = 88-94%, 9=94-97%,

10 =97-100% of leaf area blighted and 11= dead leaf.

Bars marked with different

letters are significantly different according to pairwise t-tests at P=0.10.
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the EGC was similar between trials, but lesions that formed during the second trial in
the GH chamber were larger than those formed during the second trial or in the EGC
during either trial. It is possible that conditions in the GH chamber were more

disease conducive during the second trial than during the first, particularly since the
second trial was conducted during the fall. Light intensity during the fall was less
than that in summer, and temperatures were generally cooler, providing D.
destructiva with an ideal environment for disease. Erbaugh et al. (1995) and Gould

and Peterson (1994) agreed that lower light intensities lead to greater disease severity.
Watering treatments did not affect lesion measurement or percentage over

experimental locations, weeks and trials (P=0.24)(Figure 11). Pacumbaba and Beyl

(1994) observed that C.florida seedlings given 100% water holding capacity for 12
weeks prior to in vitro inoculation with D. destructiva had greater disease severity
than dogwoods held at 75 and 50% water holding capacity. Mullen et al. (1991)
tested effects of drought stress on dogwood canker disease in C.florida seedlings.
Cankers developed only on drought stressed seedlings. Gould and Peterson (1994)

observed fewer leaf spot and twig blight symptoms due to dogwood anthracnose on
trees that received irrigation during summer drought periods. In the experiments of
Erbaugh et al. (1995), drought increased the disease severity on shaded trees, but did

not affect disease severity on trees in full sunlight. Perhaps stressed trees were not

sufficiently stressed in the pesent study.
In attempting to explain the unexpected results, it is necessary to compare
methods of this study with those of other researchers obtaining different results.
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Figure 11. Least squares means of percent diseased leaf area for flood, control,
drought and severe drought watering treatments, averaged over location, week,

species and trial. A pictorial diagram of a modified Horsfall-Barratt rating scale was
used to estimate disease severity (where 0=no diseased leaf area, 1=1-3%, 2=3-6%,
3=6-12%, 4=12-25%, 5=25-50%, 6=50-75%, 7=75-88%, 8=88-94%, 9=94-

97%, 10=97-1(K)% of leaf area blighted, and 11= dead leaf), and lesion ratings were

transposed to percentages (Redman et al., 1969). No lesion areas were significantly
different depending on watering treatment, according to pairwise t-tests at P=0.10.
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Erbaugh et al. (1994) did not wound leaves before inoculation and conducted their

experiments outdoors, where humidity was not as high as in the present experiments.
Perhaps wounding allowed infection to occur regardless of water status of leaves. In

addition, the environment of the present study may have been much more conducive
and resulted in higher disease pressure. This increased disease pressure could have
caused the control trees to become as diseased as the stressed trees, resulting in no
difference between lesion sizes on trees receiving very different amounts of water.
Stress treatments did not interact with species to cause significant differences

in per cent diseased leaf area (P=0.34)(Figure 12). Previous research of Erbaugh et
al. (1995), Gould and Peterson (1994), and Mullen et al. (1991) only included C.
florida, and no comparisons were made between species with respect to their stress
responses. From results of the present study, it was concluded that both species react
similarly to stress.

Percent diseased leaf area were significantly higher each week than in the

previous week (Figure 13), indicating that the environment was conducive to dogwood
anthracnose. For this comparison, the data for the first week in the OH was omitted,
because there was no matching data recorded in the EGC. These differences are not
surprising since disease is expected to become more severe over time when the
environment is conducive to disease. The effect of interaction between week and trial

on percent diseased leaf area is illustrated in Figure 14. Lesions expanded more

quickly during the fall trial than the summer trial of the experiment.
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Figure 12. Least squares means of percent diseased leaf area according to flood,
control, moderate drought and severe drought watering treatments X C. florida and C.
kousa interactions. Percentages were transformed from a Horsfall-Barratt rating scale
(where 0=no diseased leaf area, 1 = 1-3%, 2=3-6%, 3=6-12%, 4=12-25%, 5=25-

50%, 6=50-75%, 7=75-88%, 8=88-94%, 9=94-97%, 10=97-100% of leaf area

blighted, and 11= dead leaf)(Redman et al., 1969). No treatment was significantly
different according to pairwise t-tests at P=0.10.
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Figure 13. Least squares means of percent diseased leaf area each week, averaged
over species, location, watering treatment and trial. Percentages were transformed
from a Horsfall-Barratt rating scale (where 0=no diseased leaf area, 1 =1-3%, 2=3-

6%, 3=6-12%, 4=12-25%, 5=25-50%, 6=50-75%, 7=75-88%, 8=88-94%, 9=94-

97%, 10=97-100% of leaf area blighted, and 11= dead leaf)(Redman et al., 1969).
Data points marked with different letters are significantly different according to
pairwise t-tests at P=0.10.
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Figure 14. Least squares means of percent diseased leaf area for each week X trial
interaction, averaged over species, watering treatment and location. Percentages were
transformed from a Horsfall-Barratt rating scale (where 0=no diseased leaf area,
1=1-3%, 2=3-6%, 3=6-12%, 4=12-25%, 5=25-50%, 6=50-75%, 7=75-88%,

8=88-94%, 9=94-97%, 10=97-100% of leaf area blighted, and 11= dead leaf)
(Redman et al., 1969). Data points marked with different letters are significantly
different according to pairwise t-tests at P=0.10.
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iv. Summary

Watering treatment did not affect lesion development in C. florida and C.

kousa trees inoculated with D. destmctiva. Percentage of leaf area affected by
dogwood anthracnose each week was significantly larger than the percentage
measured for the previous week. In the second trial, lesions were larger than those in
the first trial, and lesions in the GH were larger than those in the EGC.

Over trials, locations, and watering treatments, C. kousa and C.florida trees

did not react differently to the stress treatments with regard to disease expression.
There were no treatment X species interactions, but trial X species interactions were

significant. In the first trial, lesions on C.florida trees were larger than those on C
kousa trees. In the second trial, however, lesions on C. florida and C. kousa trees
were similar in size. The results suggest that the resistance of C. kousa is not as
reliable as was initially reported.
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Chapter V

Conclusions

During 1995 a study was initiated to find a reliable inoculation technique for
dogwood anthracnose, and to investigate the effects of water stresses on infection rate

and disease progression. Experiments were conducted in a controlled environmental
growth room, and in a humidified, air-conditioned, plastic-enclosed bench in a
greenhouse.

In the inoculation experiment, two isolates of D. destructiva from different
locations were studied. One isolate was collected in 1992 from Catoctin Mountain in

Maryland, and the other in 1994 from the Great Smoky Mountains National Park.
When lesions caused by the two isolates were compared, no significant difference was
found.

Virulence of two fungal propagules, vegetative hyphae and conidia, was

compared. There was no difference in lesion sizes caused by conidia and vegetative
hyphae.
Leaves were enclosed in moistened plastic bags after inoculation. Bags
remained on leaves for either 0, 2, 4, or 7 days. The 7 day period caused lesions that

were significantly larger than any other period. The 0, 2, and 4 day periods resulted
in lesions that were similar in size.
Sizes of lesions on inoculated trees in the two locations were different.

Lesions that formed on trees in the greenhouse chamber were about eight times as
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large as those on trees in the environmental growth room, indicating that
environmental conditions in the greenhouse chamber were more conducive to

development of dogwood anthracnose than those in the environmental growth room.

Three inoculation treatment combinations were effective in causing dogwood
anthracnose in both locations. Leaves inoculated with hyphae from the Catoctin
Mountain Park isolate, conidia from the Catoctin Mountain Park isolate, and hyphae

from the Great Smoky Mountains National Park, each enclosed in a bag for 7 days,
had the largest lesions in both locations. For subsequent experiments, leaves were

inoculated with conidia from the Catoctin Mountain isolate with a 7 day bagged
period.

In experiments to determine the relationship between water stress and
susceptibility to dogwood anthracnose, seedlings of both C.florida and C. kousa were
tested. Watering treatments included flooding, moderate drought, severe drought and
controls. Experiments were conducted twice (summer and fall) in the environmental
growth room and in the greenhouse chamber.

Lesions that formed in the fall experiment were significantly larger than those
obtained in the summer experiment. Larger lesions obtained in the greenhouse were
probably a result of the darker and more humid environmental conditions, which were

more conducive to dogwood anthracnose. Lesions on the two species, however, were
similar in size.

Previous reports linked water availability to disease severity, but results of the
present experiments did not agree. Water availability did not affect disease
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development over all locations, species, and repetitions. Based on these results, C.

kousa and C florida trees are less affected by water stress than previously thought, or
the strategies employed for stressing trees were not effective.
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